Introduction
============

Narrow-leafed lupin (NLL; *Lupinus angustifolius* L.) is a recently domesticated grain legume crop from the Mediterranean region (Cowling *et al*., [@b11]). NLL is a diploid (2n = 40 chromosomes), annual, self-pollinating crop with a haploid genome size of 924 Mb (Naganowska *et al*., [@b39]). NLL is well adapted to nitrogen- and phosphorus-deficient, acid, sandy soils and is therefore a valuable break crop in the infertile acid soils in the Mediterranean-like climates of Western Australia, Chile and South Africa as well as in cool temperate regions of Europe including Poland, Ukraine, Belarus and the Russian Federation (Wolko *et al*., [@b51]). Lupins have the ability to fix atmospheric nitrogen in symbiosis with Bradyrhizobia and are exceptionally effective in accessing soil phosphorus (Cheng *et al*., [@b10]; Lambers *et al*., [@b30]), making a valuable contribution to the sustainable management of infertile agricultural soils. Other rotational benefits are in the management of diseases and pests, as well as control of grass weeds (Seymour *et al*., [@b46]). Despite these multiple benefits, profitability of the crop has yet to reach its full potential and has declined in recent years, in part due to low prices and its primary use as animal feed (Berger *et al*., [@b3]). However, NLL shows promise for wider use in aquaculture (Glencross *et al*., [@b18]) and is gaining recognition as a potential human health food. Its grain is high in protein and dietary fibre, gluten-free and low in fat and starch and thus has a very low glycaemic index (Johnson *et al*., [@b22]). Moreover, lupin seeds contain constituents that alter satiety (Lee *et al*., [@b32]) and some conglutins in the seed are able to bind insulin potentially providing a pharmaceutical role similar to the hypoglycaemic drug metformin (Magni *et al*., [@b35]); studies have associated lupins playing a positive role in important areas of health including combating obesity, diabetes and cardiovascular disease (Belski *et al*., [@b1]; Duranti and Morazzoni, [@b14]).

The genetic base of Australian and European NLL is very narrow compared with the broad genetic diversity available in wild germplasm collections, and this limits the yield and adaptive potential of the crop (Berger *et al*., [@b2]). Introducing improvements of agronomically important and human health benefit-related traits from phenotypic and genetic screening of a diverse range of wild NLL material (Berger *et al*., [@b4]) represents an underutilized resource. To achieve this in an efficient manner, there is a need to develop a suite of genetic and genomic resources for NLL.

While some genomic resources are currently available for the genus *Lupinus*, these are far fewer than have been established in major legume genomic efforts such as those of *Glycine max*, *Medicago truncatula* and *Lotus japonicus* (reviewed in Kasprzak *et al*., [@b24]; Young and Bharti, [@b57]). *Lupinus*-specific genomic resources currently include: 14 605 short genome survey sequences totalling 14 455 for *L. angustifolius* and 150 for *L. albus*; expressed sequence tags (ESTs) totalling 9140 for *L. albus*, 416 for *L. luteus* and 388 for *L. angustifolius*; and 2.5 Gb of Roche 454 mRNA transcriptome data for *L. luteus* (Parra-González *et al*., [@b43]) and 28 Gb of Illumina GAIIx phosphorus-response RNAseq data for *L. albus* (O\'Rourke *et al*., [@b42]). There are to date no comprehensive transcriptomic datasets available for *L. angustifolius*; however, bacterial artificial chromosome (BAC) libraries for cultivars Sonet (Kasprzak *et al*., [@b24]) and Tanjil (Gao *et al*., [@b17]) have been developed and have led to early insights into the composition and organization of the NLL genome (Gao *et al*., [@b17]; Ksiazkiewicz *et al*., [@b28]). The cv. Sonet BAC library comprises 55 296 clones with an average insert size of 100 kbp, which is equivalent to 6X coverage of the NLL (haploid) genome. The cv. Tanjil BAC library comprises 111 360 clones with an average insert size of 99.7 kbp, which represents an estimated 12X coverage of the NLL genome. Both ends of 9600 randomly selected clones of the Tanjil BAC library were sequenced, producing 13 985 BAC-end sequences equivalent to ∼1% of the NLL genome. In addition to these publicly available genomic resources for NLL, a draft genome has been recently reported (Yang *et al*., [@b55]).

In addition to the genomic resources above, several studies have generated increasingly dense genetic maps for NLL, using a range of different molecular marker types in mainly two recombinant inbred line (RIL) populations: Tanjil x Unicrop and 83A:476 × P27255 (Boersma *et al*., [@b6]; Nelson *et al*., [@b40], [@b41]; Yang *et al*., [@b55]). Most research efforts have focused on the 83A:476 × P27255 RIL population, a wide cross, which has been adopted as the reference population by the research community. Also known as the 'domesticated' x 'wild' (DxW) RIL population, the most recent reference map release comprised a total of 1207 high-quality loci spread evenly over 20 linkage groups and three small clusters, including 708 locus-specific markers, 492 multilocus microsatellite fragment length polymorphism (MFLP) markers and seven single-gene trait loci (Kroc *et al*., [@b26]). A genetic map based on the narrower Tanjil x Unicrop RIL population was recently developed by Yang *et al*. ([@b55]) and comprised 8244 restriction site-associated DNA (RAD) markers. While this Tanjil × Unicrop map had a higher average marker density than the 83A:476 × P27255 reference map, there was a considerable marker distribution bias in the Tanjil × Unicrop map, possibly arising from extensive regions of low genomic diversity between the closely related founding parents of the Tanjil x Unicrop RIL population.

Next-generation sequencing technologies have made it possible to sample deeply from the mRNA transcriptome using RNAseq. Generating in-depth transcriptome datasets allows accelerated gene discovery in 'genomic orphan' species without the great expense and complexity of genome sequencing and assembly (Varshney *et al*., [@b50]). This approach can be used to identify gene exome sequences, highlight differential gene expression, determine phylogenetic relationships and facilitate the development of various types of gene-based molecular markers including insertion or deletion (indel) markers and single nucleotide polymorphism (SNP) markers. This approach has been successfully applied in other legumes, including chickpea (*Cicer arietinum*) (Hiremath *et al*., [@b21]; Kudapa *et al*., [@b29]), pea (*Pisum sativum*) (Kaur *et al*., [@b25]), pigeonpea (*Cajanus cajun*) (Dutta *et al*., [@b15]), common bean (*Phaseolus vulgaris*) (Blair *et al*., [@b5]), faba bean (*Vicia faba*) (Kaur *et al*., [@b25]), lentil (*Lens culinaris*) (Sharpe *et al*., [@b47]), peanut (*Arachis hypogaea*) (Zhang *et al*., [@b59]), soybean (*Glycine max*) (Deschamps *et al*., [@b13]), *Bituminaria bituminosa* (Pazos-Navarro *et al*., [@b44]) and yellow lupin (*L. luteus*) (Parra-González *et al*., [@b43]). It is an effective means of marker development as it targets nucleotide diversity within genic regions, allowing the possibility of generating 'perfect' diagnostic markers that reside within genes responsible for important traits relevant to breeding programmes.

In this study, we describe the generation, *de novo* assembly and annotation of transcriptome datasets derived from five different tissue types of the domesticated narrow-leafed lupin cv. Tanjil, which allowed tissue-specific expression patterns to be identified. The Tanjil transcriptome was compared to transcriptomes of cv. Unicrop and the wild accession P27255. Unicrop was the first fully domesticated Australian cultivar (with low alkaloid content, nonshattering pods, permeable seeds and early flowering) and was released in 1973 (Berger *et al*., [@b3]). The cultivar Tanjil was released in 1998 and was a dominant variety for many years owing to its superior disease-resistance characteristics and has been chosen as the reference genotype for NLL (Berger *et al*., [@b4]; Gao *et al*., [@b17]). The Moroccan accession P27255 was selected as a representative wild accession as well as being a founding parent of the reference 83A:476 × P27255 RIL population. A draft genome survey assembly sequence for NLL cv. Tanjil was used to corroborate transcriptome-derived *in silico* predictions for gene-based length and single nucleotide (SNP) polymorphic markers. This yielded extensive indel and SNP polymorphic markers for the RIL populations developed in NLL. Transcriptome- and BAC-end sequence-derived simple-sequence repeat (SSR) markers (Gao *et al*., [@b17]) were evaluated, and polymorphic markers were used to genotype the reference RIL population, which has significantly improved the completeness, marker density and quality of the reference NLL genetic map.

Results
=======

Transcriptome assembly of *Lupinus angustifolius* cv. Tanjil
------------------------------------------------------------

Three NLL accessions were selected for in-depth transcriptome sequencing: the cultivars Tanjil and Unicrop and the wild accession P27255. RNA was isolated from five different tissue types (roots, stem, leaf, flower and seed) when individual plants started to set seed on the main stem inflorescence. Seed samples were mixed stages after anthesis ranging from early, mid, late to fully mature seeds. In addition, more limited transcriptome sequencing of 83A:476, a parent of one of the RIL population, was also conducted for leaf tissue as part of the 1000 Plants initiative (<http://www.onekp.com>). Transcriptome sequencing was performed by the Beijing Genome Institute (BGI) and resulted in quality-controlled RNAseq data ranging from 1.7 to 2.1 Gb per library ([Figure S1](#SD1){ref-type="supplementary-material"}). The Tanjil reference transcriptome was assembled into 104 766 sequences with a total length of 51.6 Mb (Table [1](#tbl1){ref-type="table"}). Trinity transcriptome assembly predicted a total of 63 271 discrete loci, 53 761 of which had a single isoform (9150 had two or more isoforms). Herein, the complete set of 104 766 sequences is referred to as the Tanjil transcriptome assembly (Table [1](#tbl1){ref-type="table"}, [Figure S2](#SD2){ref-type="supplementary-material"}).

###### 

*Lupinus angustifolius* cv. Tanjil *de novo* transcriptome assembly statistics

  ------------------------------------------------------------------------------------------------------------- ---------
  Total length                                                                                                  51.6 Mb
  Components                                                                                                    63 271
  Components + isoforms                                                                                         104 766
  Components w. 1 isoform                                                                                       53 761
  Components w. \>1 isoform (alternate mRNA-splicing or misassembled multigene family or heterozygous allele)   9150
  ------------------------------------------------------------------------------------------------------------- ---------

Tissue-specific gene expression and function
--------------------------------------------

The RNAseq data were interrogated to identify highly significant patterns of differential expression for transcripts in cv. Tanjil, between root, stem, leaf, flower and seed tissues that may indicate a strong association with a single tissue. Although as many as 10 240 transcripts (Trinity components) were constitutively expressed, with no significant differences in expression between all tissues, there was only a remarkably small number with highly specific expression limited to a single tissue type (Table [2](#tbl2){ref-type="table"}, Figure[1](#fig01){ref-type="fig"}). There were no transcripts specific to stem or leaf tissues as these two RNAseq datasets showed highly similar expression patterns, whereas 28 were specific to flower tissue, 17 to seeds and 7 to roots. There were an additional two transcripts that were specific to stem and flower tissues combined and a single transcript specific to root and seed tissues combined.

###### 

Transcripts (Trinity components) with significantly tissue-specific mRNA expression predicted by cufflinks. T × U = Tanjil × Unicrop; D × W = Domestic × Wild = 83A:476 × P27255

                                                                                                Components with candidate markers                                                    
  ----------------------------------------------------------------------------- -------- ------ ----------------------------------- -------- ------ ----- ------ ----- ------ ------ ------
  Constitutive (no significant differences in expression between all tissues)   10 240   5257   1471                                4736     1769   194   752    208   411    1667   289
  Root                                                                          7        7      1                                   3        --     --    --     --    1      1      --
  Stem                                                                          --       --     --                                  --       --     --    --     --    --     --     --
  Leaf                                                                          --       --     --                                  --       --     --    --     --    --     --     --
  Flower                                                                        28       18     9                                   12       6      --    --     --    2      3      1
  Seed                                                                          17       14     3                                   5        2      1     --     1     1      --     3
  Root + stem                                                                   --       --     --                                  --       --     --    --     --    --     --     --
  Root + leaf                                                                   --       --     --                                  --       --     --    --     --    --     --     --
  Root + flower                                                                 --       --     --                                  --       --     --    --     --    --     --     --
  Root + seed                                                                   1        1      --                                  --       --     --    --     --    --     1      --
  Stem + leaf                                                                   --       --     --                                  --       --     --    --     --    --     --     --
  Stem + flower                                                                 --       --     --                                  --       --     --    --     --    --     --     --
  Stem + seed                                                                   --       --     --                                  --       --     --    --     --    --     --     --
  Leaf + flower                                                                 --       --     --                                  --       --     --    --     --    --     --     --
  Leaf + seed                                                                   --       --     --                                  --       --     --    --     --    --     --     --
  Flower + seed                                                                 2        1      --                                  1        --     --    --     --    --     --     --
  Stem + leaf + flower (above ground)                                           --       --     --                                  --       --     --    --     --    --     --     --
  Not conforming to above categories                                            52 976   43     24 057                              12 853   4092   462   1730   413   1559   5845   1065
  Total                                                                         63 271   5341   25 541                              17 610   5869   657   2482   622   1974   7517   1358

![Heat-map depicting normalized log2-fold changes in mRNA expression inferred from RNAseq data for transcripts (Trinity components) predicted to be significantly tissue-specific by cufflinks.](pbi0013-0014-f1){#fig01}

The cv. Tanjil reference transcriptome was annotated with predicted gene functions by InterproScan, which was used to cross-reference with tissue-specific transcripts ([Table S1](#SD6){ref-type="supplementary-material"}). Examination of the Interpro terms associated with these tissue-specific genes depicted a series of biological processes consistent with the roles of each respective tissue. For example, specific expression in seed tissues was overwhelmingly the greatest overall of all tissues, with the majority belonging to seed-storage and lipid-transfer proteins. The flower tissues are sites of major morphological development and change, and transcripts encoding a high number of flower-specific degradative enzymes (in particular, pectinesterases) as well as enzymes involved in growth and development were identified. Root-specific transcripts included a major facilitator superfamily (MFS) membrane transporter that is likely to be involved in nutrient or ion import and two unknown proteins, whereas transcripts specific to either the root or the seed included those with predicted peroxidase and anthocyanin biosynthesis functions.

Draft genome survey assembly of *Lupinus angustifolius* cv. Tanjil
------------------------------------------------------------------

A draft genome assembly for Tanjil was generated using 2 × 100 bp paired-end reads (insert sizes 170 and 500 bp) at approximately 25 X haploid genome coverage. Total genome size was estimated by k-mer analysis of the raw data to be 1 036 553 800 bp. K-mer analysis also indicated negligible heterozygosity and relatively low levels of repetitive DNA ([Figure S4](#SD4){ref-type="supplementary-material"}). The draft genome survey sequence was assembled into a total length of 521.2 Mb (Table [3](#tbl3){ref-type="table"}).

###### 

*Lupinus angustifolius* cv. Tanjil draft survey assembly statistics

                   Contig           Scaffold
  ---------------- ---------------- ----------------
  N90              698 252          47 079
  N50              93 792           10 137
  L90              133 bp           1837 bp
  L50              1088 bp          13 762 bp
  Max              33 271 bp        206 256 bp
  Total length     453 133 600 bp   521 188 753 bp
  Number ≥100 bp   1 096 703        191 701
  Number ≥2 kb     43 040           45 210

Identification and distribution of polymorphism between NLL cultivars relative to a published genetic map
---------------------------------------------------------------------------------------------------------

Reads of the remaining three parents (Unicrop, P27255 and 83A:476) of the two NLL RIL populations were aligned to the reference Tanjil transcriptome assembly in order to identify sequence polymorphisms. These included the datasets generated herein for Unicrop and P27255, as well as reads from 83A:476 leaf transcriptome sequencing by the 1000 Plant initiative. This identified a total of 2 076 890 and 101 853 conservatively filtered SNPs and insertion--deletion (indel) polymorphisms, respectively, across the four NLL lines. The wild cultivar P27255 was more polymorphic relative to 83A:476 than the more closely related cultivars Tanjil and Unicrop ([Figure S3](#SD3){ref-type="supplementary-material"}). Sequence-based markers from the most recent reference genetic map (Kroc *et al*., [@b26]) along with indels and SNPs identified here were matched by sequence similarity to the genomic scaffolds of the Tanjil survey assembly. This examination allowed the inference of the overall distribution of polymorphisms across the NLL genome. We observed that SNP and indel polymorphisms were distributed relatively evenly (Figure[2](#fig02){ref-type="fig"}) with no strong biases to specific regions of the genome.

![Comparison of the distribution and density of RNAseq-derived markers to the previously published genetic map (Kroc *et al*., [@b26]), using the draft genome assembly scaffolds as a point of reference to relate to the existing genetic map. Each series of 3 black concentric rings indicate different marker types. (A) Fluidigm-compatible bi-allelic SNP markers. (B) Standard PCR indel markers. (C) Standard PCR-compatible SNP markers. Marker polymorphism relative to the cv Tanjil reference transcriptome is indicated by colour as 83A:476 × P27255 (red), Tanjil × Unicrop (green) and both Tanjil × Unicrop and 83A:476 × P27255 (blue). Normalized marker density per Mbp is indicated within each ring from 0 to 100+ along the vertical axis.](pbi0013-0014-f2){#fig02}

Development and validation of gene-based NLL molecular markers
--------------------------------------------------------------

With the knowledge that the identified SNPs and indels were relatively evenly distributed across the NLL genome, a total of 63 269 standard PCR-based candidate markers were designed with predicted polymorphism in either the Tanjil × Unicrop or 83A:476 × P27255 RIL populations using stringent primer design criteria (see Experimental procedures). Of these 63 269 polymorphisms, 57 615 were SNPs (Figure[3](#fig03){ref-type="fig"}a) and 5654 were length polymorphisms (Figure[3](#fig03){ref-type="fig"}b). Of these 5654 length polymorphisms, 838 were polymorphic between both parent-pairs, of which 73 were associated with linkage groups in the reference genetic map (via matches to mappable draft genome scaffolds) (Figure[3](#fig03){ref-type="fig"}b; [Table S2](#SD6){ref-type="supplementary-material"}). A total of 11 149 SNPs were polymorphic between both parent-pairs (Figure[3](#fig03){ref-type="fig"}a), with 890 of these being associated with linkage groups in the 83A:476 × P27255 reference genetic map ([Table S2](#SD6){ref-type="supplementary-material"}). These 11 149 SNPs were therefore classed as robust candidates for SNP marker development. A further 13 517 bi-allelic, genic SNPs were selected for Fluidigm assay design by Millennium Science (Figure[3](#fig03){ref-type="fig"}c). Of these, 1648 were polymorphic between both parent-pairs, with 114 of these associated with linkage groups (Figure[3](#fig03){ref-type="fig"}c; [Table S2](#SD6){ref-type="supplementary-material"}).

![Venn diagrams demonstrating the *in silico* polymorphism identified in the *L. angustifolius* RIL populations derived from Tanjil and Unicrop or P27255 and 83A:476 were used for candidate marker discovery. (a) Standard PCR-based SNP polymorphic primers. (b) Standard PCR-based length-polymorphic primers. (c) Fluidigm platform biallelic SNP polymorphic primers. Overlapping markers are polymorphic in both RIL populations.](pbi0013-0014-f3){#fig03}

A total of 10 955 draft genome assembly scaffolds were supported by *in silico* PCR mapping of one or more standard PCR candidate markers, with 3198 scaffolds supported by length polymorphism markers and 10 673 scaffolds supported by SNP markers. Fluidigm candidate SNP markers supported 6326 draft genome scaffolds, of which 5682 overlapped with the *in silico* standard PCR markers for the same SNP site. There was a marked reduction in the number of markers polymorphic between Tanjil and Unicrop, in particular with linkage group NLL-04.

To estimate the distribution and density of predicted markers across the NLL genome, SNP and indel polymorphisms between cv. Tanjil, cv. Unicrop and cv. P27255 were placed upon the reference genetic map (Kroc *et al*., [@b26]). Draft genome scaffold sequences which contained mapped sequence-based markers were used as a point of reference to assign a location on the genetic map and to estimate normalized marker density (mutations per Mbp) ([Figure S3](#SD3){ref-type="supplementary-material"}). This indicated that among mapped scaffolds with at least one marker, the estimated density of both SNP and indel mutations between the closely related cv. Tanjil and cv. Unicrop was generally in the range of 10--100/Mbp, with SNPs being more frequent than indels and SNP density increasing to 100--1000 in a few regions. The estimated density of indel mutations between the domesticated cv. Tanjil and the wild accession P27255 was also in the range of 10--100/Mbp; however, SNP density was consistently high in the range of 100--1000/Mbp. Aside from the previously mentioned reduction in polymorphism within NLL04 between cv. Tanjil and cv. Unicrop, we did not observe strong biases in marker distribution or density within any linkage groups, demonstrating that our predicted markers are relatively evenly distributed throughout the NLL genome.

Validating markers through generation of an improved NLL reference genetic map
------------------------------------------------------------------------------

Validity of the polymorphism detection pipeline was tested by polymorphism screening and then linkage mapping of selected transcriptome-derived SNP and indel markers. A set of 96 SNPs, identified in both conventional and Fluidigm pipelines, was selected for Fluidigm assay synthesis, of which 88 (92%) were confirmed to be polymorphic (Table [4](#tbl4){ref-type="table"}). A set of 239 transcriptome-derived indel markers with predicted polymorphisms ≥2 bp were selected for Multiplex Ready PCR analysis (Gao *et al*., [@b17]; Hayden *et al*., [@b20]), of which 194 (81%) were confirmed to be polymorphic (Table [4](#tbl4){ref-type="table"}). An additional 66 BAC-end sequence-derived simple-sequence repeat (SSR) markers were tested on the two parent-pairs of the RIL population with a 37.8% polymorphism rate (Table [4](#tbl4){ref-type="table"}). Subsequently, a total of 275 markers, 17 BAC-end SSRs, 170 indels and 88 SNPs were successfully genotyped on the 83A:476 × P27255 RIL population (*n* = 152) and subjected to linkage analysis.

###### 

*Lupinus angustifolius* molecular marker statistics of markers derived from BAC-end sequencing and RNAseq datasets

                                                                          Designed   Tested   Polymorphic[†](#tf4-2){ref-type="table-fn"}   Mapped onto the reference genetic map
  ----------------------------------------------------------------------- ---------- -------- --------------------------------------------- ---------------------------------------
  BAC-end sequence-derived SSR markers[\*](#tf4-1){ref-type="table-fn"}   66         66       25 (37.9%)                                    17
  RNAseq length polymorphisms (Indels)                                    239        239      194 (81.2%)                                   170
  RNAseq SNP polymorphisms                                                2126       96       88 (91.6%)                                    88

See Gao *et al*. ([@b17]) for marker design details.

Indicates polymorphism between both parent-pairs of the two NLL RIL populations.

Linkage analysis was conducted using the 275 new markers reported in this manuscript along with 492 MFLP, 156 RFLP, 298 DArT and 247 PCR-based STS markers and seven single-gene trait loci genotyped in 112 RILs from the current reference genetic map (Kroc *et al*., [@b26]). In total, 1475 markers and 152 RILs were used for linkage analysis. This resulted in the formation of 20 NLL linkage groups and one small cluster (Cluster-2 from Kroc *et al*. ([@b26]) comprising 783 skeleton, 340 redundant and 352 attached markers (Table [5](#tbl5){ref-type="table"}). The total length of the linkage map was 2263.9 centiMorgans (cM), with an average of 2.90 cM between nonredundant skeleton loci. In the new map, two of the three small clusters presented in the 2010 and 2014 reference maps (Kroc *et al*., [@b26]; Nelson *et al*., [@b41]) have been incorporated into main linkage groups: Cluster-1 mapped to the bottom of linkage group NLL-11 and Cluster-3 to the top of NLL-15 ([Figure S5](#SD5){ref-type="supplementary-material"}). The distribution of the 275 new markers per linkage group is presented in Table [6](#tbl6){ref-type="table"}, and the marker order for each linkage group and the genotype data for 1475 markers in 161 RILs are presented in [Table S3](#SD7){ref-type="supplementary-material"}. Linkage group NLL-04 was remarkable in only having one new marker across the entire 145.7 cM length (Tables [6](#tbl6){ref-type="table"}). Two molecular markers developed in this study are linked to important traits in the lupin breeding programme, where LaIND155 is linked to anthracnose resistance (Lanr1) and LaSSR_025 to the bitterness locus (Iucundus) ([Table S4](#SD6){ref-type="supplementary-material"}).

###### 

*Lupinus angustifolius* linkage group details. Skeleton markers were used for locus ordering and interval size calculation (Kosambi cM). Redundant markers mapped to the same location as skeleton markers. Attached markers mapped to approximate intervals on the genetic map

  Linkage group   Skeleton   Redundant   Attached   Total loci   Length (cM)
  --------------- ---------- ----------- ---------- ------------ -------------
  NLL-01          58         24          40         122          158.3
  NLL-02          34         28          18         80           119.9
  NLL-03          39         14          34         87           128.1
  NLL-04          41         14          13         68           145.7
  NLL-05          43         21          13         77           119.1
  NLL-06          60         20          35         115          137.2
  NLL-07          56         28          16         100          132.3
  NLL-08          38         20          17         75           140.4
  NLL-09          26         10          20         56           103.3
  NLL-10          42         19          9          70           91.6
  NLL-11          52         34          21         107          144.7
  NLL-12          24         9           18         51           95.4
  NLL-13          34         9           8          51           104.7
  NLL-14          27         7           18         52           91.7
  NLL-15          37         10          12         59           102.2
  NLL-16          29         14          14         57           93.8
  NLL-17          35         30          16         81           102.4
  NLL-18          38         8           8          54           93.1
  NLL-19          24         6           10         40           74.2
  NLL-20          41         14          12         67           82.8
  Cluster-2       5          1           0          6            3.0
  Total           783        340         352        1475         2263.9

###### 

Distribution of new BAC-end-derived SSR (LaSSR) and transcriptome-derived length (indel; LaIND) and SNP (LaSNP) markers over 20 *L. angustifolius* linkage groups (prefixed NLL) and Cluster-2

              Marker type              
  ----------- ------------- ---- ----- -----
  NLL-01      1             3    10    14
  NLL-02      1             7    21    29
  NLL-03      1             7    5     13
  NLL-04      1             0    0     1
  NLL-05      1             4    10    15
  NLL-06      0             8    15    23
  NLL-07      1             3    4     8
  NLL-08      2             1    2     5
  NLL-09      0             2    3     5
  NLL-10      0             8    13    21
  NLL-11      0             3    16    19
  NLL-12      0             5    4     9
  NLL-13      0             4    4     8
  NLL-14      3             6    11    20
  NLL-15      2             5    8     15
  NLL-16      0             7    8     15
  NLL-17      0             8    11    19
  NLL-18      3             2    5     10
  NLL-19      0             1    2     3
  NLL-20      1             3    17    21
  Cluster-2   0             1    1     2
  Total       17            88   170   275

Discussion
==========

This is the most comprehensive transcriptome study yet reported for a lupin species and incorporates datasets for five different tissue types across three NLL lines. These three NLL lines are highly relevant to the breeding programme as Unicrop was the first fully domesticated cultivar released in Australia, P27255 represents a wild accession that has been introduced in the breeding programme and Tanjil, a recent NLL cultivar, has been chosen by the lupin research community as the reference accession.

Narrow-leafed lupin transcriptome characterization
--------------------------------------------------

A reference Tanjil transcriptome from a wide range of tissues was developed, followed by genotype and tissue-type comparisons using high-coverage short-read sequencing (Figure[1](#fig01){ref-type="fig"}, Table [2](#tbl2){ref-type="table"}, [Table S1](#SD6){ref-type="supplementary-material"}). Although the primary purpose of generating the RNAseq data was to facilitate gene-based marker design, an analysis of differential expression and prediction of 'tissue-specific' transcripts also highlighted genes and biological process that are strongly associated with certain tissues. Tissue-specific expression was most pronounced in the seed, with the majority of tissue-specific transcripts encoding putative seed-storage and lipid-transfer proteins. Previous work using 2395 EST sequences from mature seed tissue had identified a total of 16 seed-storage genes or conglutins in NLL (Foley *et al*., [@b16]), and this in-depth transcription study did not identify any additional members, perhaps reflecting the high levels of expression of these important genes in mature seeds. Also of note was a seed-specific type 2 fatty acid desaturase, which is contrasted by a type 1 fatty acid desaturase that was strongly associated with flower tissues. The type 1 desaturase is likely to synthesize oleic acid, whereas the type 2 desaturase is likely to convert other saturated fatty acids to unsaturated as part of the synthesis of stored vegetable oils. Notably, unlike most tissue-specific transcripts, the flower-specific type 1 desaturase had reasonably high baseline levels of expression in other tissues, particularly the seed.

The flower tissues are sites of major morphological development and change. This includes structural separation of whorls, internal structural changes during embryogenesis and seed formation. These processes were reflected by a high number of flower-specific degradative enzymes (in particular pectinesterases), growth and development regulators and a small number of lipid-storage proteins that may be involved in very early seed development.

A small number of transcripts were found to be specific to the combination of two tissues, such as transcripts which encode predicted peroxidase and anthocyanin biosynthesis functions found in both the root and seed tissues. As both root and seed tissues exist at some point below ground, this may hint at reactive oxygen species (ROS) providing a basal plant defence against soil pathogenic microbes and corresponding antioxidant protection of these tissues by anthocyanins. Furthermore, root, flower and seed tissues all exhibited tissue-specific expression of different PR10-like transcripts, further suggesting basal pathogen defences that may be safeguarding these tissues.

The identification of tissue-specific transcripts will aid in the design of tissue-specific expression constructs by identifying their promoter sequences in the survey assembly. Furthermore, these data may prove to be directly useful in the detection of certain traits of interest in future breeding efforts.

Increasing the repertoire of genic markers in NLL and improvement of the reference genetic map
----------------------------------------------------------------------------------------------

SNP and length polymorphic markers were developed for the parents of two RIL populations, using the three transcriptome datasets generated in this study as well as the transcriptome dataset for cv. 83A:476 obtained through the 1000 Plant initiative. This resulted in the identification of large new marker sets for NLL, including gene-based SNP and length (indel) polymorphic markers. Transcript-derived markers have been widely used in generating high-density linkage maps (Varshney *et al*., [@b49]) including other less studied, so-called orphan legumes (Dutta *et al*., [@b15]; Hiremath *et al*., [@b21]; Kaur *et al*., [@b25]; Parra-González *et al*., [@b43]; Pazos-Navarro *et al*., [@b44]; Sharpe *et al*., [@b47]; Zhang *et al*., [@b59]). As these markers are derived from coding parts of the genome, this database of markers could potentially contain 'perfect markers' for traits of interest. To date, no perfect markers for NLL have been reported, but rather tightly linked markers to traits, primarily key domestication traits identified in the 83A:476 × P27255 population and disease-resistance genes in the Tanjil x Unicrop population. These include markers tightly linked to genes controlling alkaloid production and bitterness, seed water permeability, pod shattering, early flowering/vernalization responsiveness and pigment production in the seeds (Boersma *et al*., [@b6], [@b7],[@b8], [@b9]), anthracnose resistance (Yang *et al*., [@b53], [@b54]; You *et al*., [@b56]) and Phomopsis stem blight resistance (Yang *et al*., [@b52], [@b54]). However, there remains a pressing need to increase genic marker density in relevant NLL breeding populations that segregate for key traits including yield, early vigour, drought tolerance and phenological adaptation (Berger *et al*., [@b4]).

Of the 239 selected markers identified *in silico* as being length polymorphic markers, 194 were confirmed as being polymorphic between the parents of both RIL populations by PCR (Table [6](#tbl6){ref-type="table"}). Nine markers failed to generate amplicons and one had multiple amplicons. These primers either failed to amplify because they were designed of a misassembled transcript or the primer pairs were not amenable to the multiplex PCR technique used. Thirty-five markers were monomorphic by PCR for the 83A:476 × P27255 RIL population, whereas they were polymorphic for the Tanjil x Unicrop population. This may be because 83A:476 is genetically heterogeneous due to it being an F~5~-derived line. In contrast, the other lines are inbred varieties (Unicrop and Tanjil) or a wild accession from an isolated population in Morocco (P27255). Nevertheless, the *in silico* predictions were 100% accurate for the Tanjil x Unicrop population, thus resulting in high confidence, good quality markers. Of the 96 SNP markers tested on the Fluidigm platform, 88 were successfully converted and genotyped on the 83A:476 × P27255 RIL population. Four markers had poor amplification across the population, three were polymorphic for the Tanjil x Unicrop population (but not the 83A:476 × P27255 population, for reasons discussed earlier), and one marker was heterozygous in all individuals consistent with it amplifying two distinct monomorphic loci. It thus appears that the stringent *in silico* generation of length and SNP markers resulted in high conversion rates (81% and 92%, respectively) of gene-based molecular markers using high-throughput genotyping platforms.

The newly generated gene-based length polymorphism and SNP markers as well as BAC-end sequence-derived SSR markers identified previously (Gao *et al*., [@b17]) were used to genotype the 83A:476 × P27255 RIL population and resulted in a significant improvement of the overall marker density of the reference genetic map. This resolved two of the three small clusters of the previous reference map, which could now be assigned to two linkage groups ([Figure S5](#SD5){ref-type="supplementary-material"}). The incorporation of Cluster-1 into the top of NLL-15 was made possible by seven new marker loci, while the incorporation of Cluster-3 into the bottom of NLL-11 was made possible by the addition of one new marker and the increased statistical power afforded by the larger population size, which increased from 112 to 161 RILs.

Markers were distributed on all 20 main linkage groups and Cluster-2 (Table [6](#tbl6){ref-type="table"} and [Figure S5](#SD5){ref-type="supplementary-material"}). However, some linkage groups were under-represented especially NLL-04, which had only one new marker in the entire 145.7 cM length of the linkage group. This uneven distribution may have arisen from one or more of the selection criteria used to identify SNP and indel variants in the transcriptomes used in this study, most notably the requirement to be polymorphic between parents of both RIL populations, *viz* the 83A:476 × P27255 population used in this study and the Tanjil × Unicrop population used by Yang *et al*. ([@b55]). The latter population is a relatively narrow cross between Australian domesticated varieties, and the recently developed map of Yang *et al*. ([@b55]) showed extremely skewed distribution of markers ranging from 23 to 1498 markers per linkage group. In contrast, markers (including previously reported markers) in the map reported here were distributed much more evenly (40 to 122 markers per linkage group). It is therefore possible that new markers in this current map were unevenly distributed due to skewed distribution of DNA polymorphism between the closely related Tanjil and Unicrop varieties. In future work to develop a comprehensive reference genetic map for NLL, the focus will be on the more evenly polymorphic 83A:476 × P27255 population.

Efforts to develop a reference genome assembly of the cultivar Tanjil by improving the survey assembly presented herein with mate-pair datasets as well as the BAC-end sequence data generated (Gao *et al*., [@b17]) are ongoing. Additional SNP markers identified either in this project or in SNP markers already developed by Yang and colleagues (Yang, personal communication) for the Tanjil x Unicrop population that are also polymorphic on the 83A:476 × P27255 population will then be selected to assign as many scaffolds as possible to a linkage group, resulting in a dense reference genetic map of the 83A:476 × P27255 population. This will allow cross-comparison of the two dense genetic maps for NLL by having anchored markers from both projects on each genetic map. The molecular markers presented here and by Yang and colleagues (Yang *et al*., [@b55]) will thus aid lupin breeding programmes, particularly when markers linked to traits can be associated with a scaffold. These scaffolds can be mined for candidate genes for that trait, and this will be facilitated by the extensive number of gene-based molecular markers generated in this study. Future work using the Tanjil transcriptome as a reference and comparison to other wild, early domesticated cultivars and current elite cultivars is underway to identify key genes underlying the domestication traits as well as to identify candidate genes for important traits in the wild germplasm currently absent in elite cultivars. The NLL transcriptome datasets presented herein will thus speed up breeding efforts for this recently domesticated grain legume.

Experimental procedures
=======================

Plant material, growth conditions, DNA and RNA isolation
--------------------------------------------------------

Narrow-leafed lupin (NLL) seed was provided by the Department of Agriculture and Food, Western Australia (DAFWA). Seeds included four parents of two recombinant inbred line (RIL) populations, being Tanjil, Unicrop, 83A:476 and P27255 as well as 152 F~8:9~ individuals of the 83A:476 × P27255 RIL population, also known as the domestic × wild (D × W) population. The parental lines and the RILs were grown out at the Shenton Park Field Station of the University of Western Australia during the winter/spring season of 2012, and leaf material collected. DNA was isolated from frozen leaf material using the CTAB method as described previously by Kamphuis *et al*. ([@b23]).

The domesticated NLL accessions Unicrop (early domesticated cultivar released in 1973) and Tanjil (more recent domesticated cultivar released in 1998) and wild accession P27255 were grown in temperature-controlled growth cabinets at 22 °C day for 16 h and 20 °C night for 8 h. Once plants started to flower and set seed on the main stem inflorescence, tissue was harvested from roots, stem, leaf, flower and mixed developmental stages of seed for subsequent RNA extraction.

Approximately 150 mg plant material from each tissue type was ground to a fine powder under a stream of liquid nitrogen. The ground powder was homogenized in 1.5 mL Eppendorf tubes using two-times 500 μL TRIzol reagents (Invitrogen, Carlsbad, CA), followed by a 15-min incubation period at room temperature (RT). After centrifugation at 12 000 g and 4 °C for 10 min, the supernatant was mixed with 200 μL chloroform, followed by another centrifugation step at 12 000 g and 4 °C for 15 min. The upper phase is mixed with 300 μL of high salt precipitation buffer (0.8 M sodium citrate/1.2 M NaCl) and 300 μL of isopropanol and incubated on ice for at least 10 min to selectively precipitate total RNA. Precipitated RNA is centrifuged (10 min 12 000 g and 4 °C) and washed twice in 75% ethanol. RNA was dissolved in diethylpyrocarbonate (DEPC)-treated water. Quality and quantity was assessed by both BioAnalyzer (Agilent, Santa Clara, CA) and Qubit assays (Invitrogen). RNA samples were provided to the Beijing Genome Institute (BGI) who generated and sequenced TruSeq libraries (Illumina, San Diego, CA) on a HiSeq2000 (Illumina) for each tissue type of accessions of high relevance to the lupin breeding programme, being Tanjil, Unicrop and P27255. For each accession and tissue type, the RNAseq datasets were submitted to GenBank as short-read archives under BioProject PRJNA248164.

Tanjil *de novo* reference transcriptome
----------------------------------------

Additional sequence data, prepared from leaf tissue material of NLL domesticated cultivar 83A:476, were sourced from the 1KP initiative (<http://www.onekp.com>, dataset 'TTRG'). Raw RNAseq data for all cultivars, including 83A:476, were trimmed for low quality (\<Q30) and Illumina sequencing primer and adaptor sequences (Truseq v1 and v2) via Cutadapt 1.1 (Martin, [@b36]) (overlap 10, times 3, minimum length 25). Reads trimmed to less than 25 bp were discarded, and reads with a discarded pair were retained as singleton reads.

A *de novo* transcriptome was assembled from the combination of mRNA from all 5 tissues of cv Tanjil using Trinity r2012-01-25 (Haas *et al*., [@b19]) with glue and k-mer coverage thresholds of 5. Assembled transcripts were functionally annotated, initially by blastx to the NCBI NR protein database (top 20 hits at e-value threshold 1e-5). Functional annotations were assigned by Interproscan v 4.8 (Zdobnov and Apweiler, [@b58]). The Tanjil transcriptome assembly has been submitted to GenBank as a gene expression omnibus (GEO) under BioProject PRJNA248164.

Tanjil draft genome survey
--------------------------

Tanjil genomic DNA samples were sequenced by the BGI using the Illumina HiSeq 2000 platform. Two Illumina paired-end libraries were obtained with 100 bp read lengths, 170 bp and 500 bp insert sizes and 'clean' data yields of 31.3 and 13.6 Gb, respectively, and were submitted to GenBank as short-read archives under BioProject PRJNA248164. Genome size was estimated using a k-mer distribution analysis using *k* = 17 and a peak depth of 25 X coverage. The draft genome was assembled *de novo* with SOAPdenovo v1.05 (Luo *et al*., [@b34]). The assembled survey sequences were used in this study for the *in silico* elimination of poor marker candidates, as described below. The draft genome was also used as a diagnostic tool to assess the distribution of new markers designed in this study across the genetic map, by providing a point of reference to link marker sequence and genetic map data. In the future, these draft sequences will also be incorporated into a high-quality and comprehensive genome assembly of NLL cv Tanjil.

Detection of sequence variation across cultivars relative to the cv Tanjil reference transcriptome
--------------------------------------------------------------------------------------------------

RNAseq reads from all cultivars and tissue types were aligned to the cv. Tanjil reference transcriptome assembly via bowtie v2.0.5 (Langmead and Salzberg, [@b31]) (sensitive end-to-end, insert size range 0--500 bp). For the purposes of comparing sequence variations between cultivars (relative to the cv. Tanjil reference transcriptome), all alignment data for multiple tissue types were merged into a single dataset per cultivar, via SAMtools v1.18 (Li *et al*., [@b33]). Sequence polymorphisms were detected using GATK v2.2.16 (McKenna *et al*., [@b37]). This process involved local realignment with GATK\'s RealignerTargetCreator (windowsize 20, minReadsAtLocus 2) and IndelRealigner (consensusDeterminationModel USE_SW, LODThresholdForCleaning 2, maxConsensuses 100, maxReadsForRealignment 100 000, maxReadsInMemory 300 000) and variant calling with GATK HaplotypeCaller (minPruning 5). Raw RNAseq reads of cv. Tanjil were also aligned to the Tanjil reference transcriptome in the same way, to identify sites of heterozygosity or uncertain base calling.

Prediction of tissue-specific transcript expression
---------------------------------------------------

Relative expression of the Trinity-assembled transcripts of cv. Tanjil, between RNAseq libraries corresponding to root, stem, leaf, flower and seed tissues, was calculated from Bowtie alignments using Cuffdiff (fragment bias correction, multiple read correction, minimum alignment count =5, upper quartile normalization, compatible hits normalization) of Cufflinks v2.0.1 (Trapnell *et al*., [@b48]). Tissue-specific expression was predicted by identifying transcripts with significantly higher expression in one tissue relative to all other tissues. Significant differences in expression were required to involve a ≥ twofold change and q-value ≤0.05. Tissue-specific transcripts were also predicted for all combinations of two tissues, relative to the remaining three tissues.

Gene-based molecular marker design
----------------------------------

Variants for all cultivars relative to the Tanjil reference transcriptome were combined into a single haplotype table with VCFtools v0.1.7 (vcf-merge, --collapse any --remove duplicates) (Danecek *et al*., [@b12]) from which regions suitable for the design of primer pairs flanking length and SNP polymorphisms were predicted. Known heterozygous sites in Tanjil and polymorphic other cultivars were excluded from potential oligo-hybridizing sequences, as well as the first and last 20 bp of a transcript. Candidate PCR markers were also filtered for single amplicons by *in silico* PCR in the Tanjil reference transcriptome and for zero or one amplicon in the draft genome. *In silico* PCR was performed with e-PCR v2.3.12 (Schuler, [@b45]), allowing for two mismatches and two gaps in the primer pair and testing for potential amplicons between 10 and 10 000 bp in length. Candidate markers with single-copy *in silico* amplification in the draft genome were filtered for nonintron spanning markers, requiring amplicons that did not differ in length by more than 5% from the transcript amplicon length. Length polymorphism markers were required to have at least a 2-bp difference in length between alleles. Marker alignments to the draft genome assembly derived from *in silico* PCR tests were also used to associate new markers with those of the reference genetic map (Kroc *et al*., [@b26]), where draft genomic scaffold sequences were long enough to contain matches to both new and mapped markers.

Regions containing a biallelic SNP suitable for the Fluidigm platform (Fluidigm, San Francisco, CA) were conservatively selected for bi-allelic SNPs that were predicted to be present between either the Tanjil and Unicrop cultivars or the P27255 and 83A:476 cultivars, as this would allow maximum utility across the two important populations resulting from crosses between these respective pairs of parents. Regions flanking bi-allelic SNP sites were also required to be between 60 to 300 bp in length, with less than 60% G:C content, containing no other predicted SNP or indel polymorphisms between any of the four cultivars and be nonintron spanning (single HSP for best BLASTN hit of flanking region to draft genome). Ninety-six Fluidigm markers were selected for testing, 48 belonging to those which aligned to draft assembly scaffolds or in some cases, to scaffolds which were able to be placed on the published genetic map (Nelson *et al*., [@b41]). Fluidigm markers mapping to genomic scaffolds were selected for initial testing in descending order of priority for: (1) proximity to mapped traits, (2) predicted to be near the top or bottom of linkage groups on the genetic map, (3) co-mapped to a scaffold with existing marker and (4) matching draft assembly scaffold.

Genotyping and linkage analysis
-------------------------------

A total of 239 new length-based polymorphic markers derived from the transcriptome datasets and 17 BAC-end-derived SSR markers were used to genotype 152 RILs using the high-throughput multiplex ready PCR as described by Gao *et al*. ([@b17]). The simple-sequence repeat (SSR) markers used in this study were previously designed from a library of *L. angustifolius* cv Tanjil BAC-end sequences (Gao *et al*., [@b17]). A total of 96 SNP markers were used to genotype 152 RILs on the Fluidigm platform by Millennium Science, using 50 ng/μL DNA concentrations of which 2.5 μL was delivered to each microfluidic chamber.

Of the new markers used to genotype the RIL population, 170 transcriptome-derived length polymorphic (indel) markers, 88 polymorphic Fluidigm SNP markers and 17 BAC-end-derived SSR markers were polymorphic and high quality. These genotyping datasets were integrated with the most recently released reference genetic map comprising 492 MFLP, 156 RFLP, 298 DArT and 247 PCR-based STS markers and seven single-gene trait loci genotyped in up to 112 RILs (Kroc *et al*., [@b26]). Combining all datasets gave a total of 1475 markers in a population of 161 RILs, which were used for linkage mapping.

Linkage mapping was conducted with the aid of Multipoint v3.1 software (MultiQTL Ltd, Haifa, Israel), which uses the 'evolutionary optimization strategy' to perform multilocus ordering of linkage groups (Mester *et al*., [@b38]). We used the approach described in detail by Kroc *et al*. ([@b26]) with some modifications. Briefly, redundant markers were set aside before clustering. Iterative clustering analysis was conducted at recombination frequency: rf = 0.14, 0.16, 0.18 and then increased at 0.01 increments until a maximum of rf = 0.27. At each clustering iteration, multipoint analysis was conducted and resulting groups merged as rf was incrementally increased. Jack-knife analysis was performed on the rf = 0.27 linkage groups to identify markers that had a destabilizing effect on locus order, which were then temporarily set aside. The remaining 'skeleton' markers were used to construct the framework map with genetic intervals size transformed to account for multiple meioses involved in the development of the RIL population and expressed in Kosambi centiMorgans (cM). Redundant markers were then assigned to their representative framework markers, and destabilizing markers were 'attached' to the most likely intervals between skeleton markers.

A comparison of the new genetic map to the previously published map (Kroc *et al*., [@b26]) was visualized with Circos v0.52 (Krzywinski *et al*., [@b27]), with new and old linkage groups linked by the relative cM coordinates of their shared sequence-based markers. Genetic marker density was also calculated in both the old and new maps, for sequence-based markers only, in terms of markers/10 cM. Marker densities were calculated within a 1-cM sliding window across the length of each linkage group.
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**Figure S1** *Lupinus angustifolius* 'clean', quality-controlled RNAseq data across the various tissues and cultivars/accessions used in this study.
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**Figure S2** Frequency distribution (y-axes) for sequences of various lengths (x-axes) for the *L. angustifolius* cv. Tanjil reference transcriptome assembly (A) and draft genome survey assembly (B).
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**Figure S3** RNAseq-derived polymorphisms detected between *L. angustifolius* cv. Tanjil, cv. Unicrop and wild accession P27255 overlaid onto the previously published genetic map (Kroc *et al*., [@b26]).
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**Figure S4** K-mer frequency distribution in Illumina raw genomic reads used for the *L. angustifolius* cv. Tanjil draft genome survey assembly, indicating a main k-mer coverage peak at *k* = 25 and relatively low levels of heterozygosity and repetitive DNA.
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**Figure S5** Comparison of the new (outer ring) and last-published (inner ring) (Kroc *et al*., [@b26]) genetic maps for *Lupinus angustifolius*, generated using the 83A:476 × P27255 ('Domestic vs Wild') recombinant inbred line population.

**Table S1** Relative expression across tissues (FPKM) of tissue-specific mRNA transcripts (Trinity components) and their assigned Interpro functional annotations and putative roles.

**Table S2** Distribution of newly designed gene-based standard PCR SNP and indel and Fluidigm bi-allelic SNP markers over the 20 *L. angustifolius* linkage groups from Kroc *et al*., [@b26].

**Table S4** Overview of molecular markers linked to important traits in the narrow-leafed lupin breeding program and the closest markers to these traits derived from this marker study.
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**Table S3** Marker order for each linkage group and the genotype data for 1475 markers in the 161 recombinant inbred lines (RILs) of the 83A:476 × P27255 population.
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